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1. Abstract  
,* /  A demonstration of .NASA's robo t i c s  Capab i l i t i e s  should be A bdanced  
, agenda of  s e rv i c ing  A& assembly t a s k s  combined with selected key 
technological  experiments. The servicing t a sks  include r e fue l ing  and 
module replacement. Refueling involves the l a t i n g  of spec ia l  f l u i d  
connectors while module replacement requires  an a r r ay  of robo t i c  
technologies  such as s p e c i a l  t oo l s ,  the arm AS A l o g i s t i c s  t o o l ,  and t h e  
p rec i s ion  mating of ORUs :o guides. The assembly t a s k  involves the  
cons t ruc t ion  of A space s t a t i o n  node and t r u s s  s t ruc tu re .  
h i g h l i g h t  the proposed node mechanism. I n  the process,  the servicer 
vi11 demonstrate A coordinated, dual arm capab i l i t y .  
The technological experiments w i l l  focus on a f ev  important issues:  
t h e  p rec i s ion  m n i p u l a t i m  of the arms by A t e l eope ra to r ,  the add i t iona l  
use o f  s eve ra l  nono camera vievs i n  coajunction v i t h  the s t e r e o  system, 
the use of  a general-purpose end e f f e c t o r  versus a caddy of t o o l s ,  and 
t h e  dynamics involved with using a robot with a s t a b i l i z e r .  
f i f t y  f e e t .  I f  the robot is a f r e e - f l i e r ,  the  length of the arms is a 
funct ion of i ts  docking locat ion i n  r e l a t ionsh ip  t o  i t s  task.  hs a 
r e s u l t ,  no one set of manipulators cac do every job. 
the problem is A "reconfigurable arm. 
approach of assor ted arm lengths and d i f f e r e n t  s ize  d r ives  including 
s p e c i a l  modular s ec t ions .  An integrated package of a hand, w r i s t ,  and 
forearm v i t h  ac tua to r s  is an example of a nodular sect ion.  
-_- - - ---. 
It w i l l  
\ - -  . 
Proposed industry space manipulators range i n  lengths from tvo t o  
One so lu t ion  t o  
This concept requires  a modular 
Interchangeable end e f f e c t o r s  and t o o l s  is  another f ace t  of t h i s  
concept. Each configurai ion !.s customized tz the  app l i ca t ion .  The 
demonstration vi11 t e s t  some aspects  of the 
the  technologicdl experiments. 
The robo t i c  s e r v i c e r  w i l l  be mounted on a p a l l e t  AS an experiment in 
t he  s h u t t l e  bay. It w i l l  be integrated v i t h  a minimum of t w o  t a sk  
pane l s  complete with knobs, connectors, switches,  and doors. The p a l l e t  
w i l l  be s e l f - s u f f i c i e n t  and able t o  test  a l l  t he  aforementioned 
c a p a b i l i t i e s .  A port ion of the tasks will involve the R e m o t e  
Manipulator System (RMS) i n  picking up the robo t i c  servicer. The 
demonstration vi11 answer several  kiportant  quest ions concerning a robot 
doing extravehicular  a c t i v i t y  (EVA) and non-EVA types of vork. 
2. Introduct ion 
reconfigurable arm" during 
Space 1s a na tu ra l  environment for a test bed of advanced technologios such as 
robocics.  The most frequent ly  described missions include r e p a i r ,  housekeeping, or emergenc- 
vork. Eventually,  s e rv i c ing  and assembly missions vi11 be common occurrences. However, t h e  
technology is f a r  from mature with several  c r i t i c a l  questions yet t o  be answered such as 
"vhat a r e  the major ccmponents of such A robot And vi11 i c  be ab le  t o  accomplish i t s  
mission?" 
of these is the  sub jec t  of t h i s  paper,  A s h u t t l e  bay experiment that merits SOM a t t e n t i o n .  
This demonstration vi11 be based and operated i n  the s h u t t l e  bay. 
an extension of the Johnson Space Center (JSC) vork being conducted on their 
anthropomorphic-sized robo t i c  servicer, the Telepresence Work S t a t i o n  (NS) [I]. 
versatile system w i l l  be ab le  t o  t es t  various servicing and assembly scenarios ,  A d  b r i l l  
t es t  key technological experiments. 
A mature servicing robot cannot be developed without some key intermediate s t eps .  One 
T h e  robot ic  s e rv i ce r  is 




W n t e d  on a p a l l e t  (Figure l), the telerobotic demonstration experiment w i l l  be 
conducted f r a  the s h u t t l e  bay in M a c t u a l  space environment. The pallet w i l l  con ta in  a11 
elements of tk experiment v i t h  t h e  exception of the operator's console, mounted i n  the a f t  
f l i g h t  deck. 
e l e c t r o n l c s ,  tether a d  take-up reel, aod robot l a t c h  o e c b n i s r  .ad launch r e s t r a i n t .  
The p a l l e t  includes a dual-arm robot, t a sk  panels ,  equipment rack, support  
The robot (Figure 2) will  be configured w i t h  dual  a m ,  each with seven degrees of 
freedom (WF). 
with an advanced wrist (3-DOF, concurrent axes) and add i t iona l  bprovements a t  the component 
and subsystem l e v e l .  
an advanced manipulator i n  a useful time frame [2]. 
a l l o v  changes i n  length,  d r i v e  s t r eng th ,  and end effector. This  c a p a b i l i t y  vi11 provide 
increased f l e x i b i l i t y  and opportunity t o  de t e rn i aa  optimum configurat ions f o r  p a r t i c u l a r  
tasks .  
assortment of spec ia l i zed  tools, can be co::ducted. 
Their basic design will  be based on the P r o t o f l i g h t  Xanipulator Arm ( P M )  
This design vi11 lover the r i s k  associated v i t h  successful ly  f i e l d i n g  
Each arm vi11 be reconfigursble  t o  
Addit ional ly ,  an evaluat ion of  a general-purpose end e f f e c t o r ,  as opposed to  a n  
F p re  1. Telerobot ic  demonstrator on p a l l e t  
The robot v i s i o n  system w i l l  include a stereo camera set housed on a 3-WF mount, above 
and betveen the arm s b u l d e r  j o in t s .  In add i t ion ,  a s i n g l e  camera w i l l  be mounted on each 
f o r e a r s  t o  ensure a closeup view of t he  workspace i f  desired.  
used in conjunction with the s t e reo  system for enhanced t a s k  performance w i l l  be the focus 
of seve ra l  experiments. 
How t hese  mono cameras can be 
A t e t h e r  and take-up reel w i l l  a l low the  robot  t o  leave t h e  p a l l e t  (Figure 3) and 
perform t a sks  in conjunction with the s h u t t l e  RMS without having t o  r e l y  on a self-contained 
power source. This  also allows the manipulator control  e l e c t r o n i c s  t o  be remotely located, 




Ffgure 2. Robotic servicer Figure 3. Robotic s e r v i c e r  on a tether 
In t eg ra l  to  the pallet  w i l l  be the t a s k  panels.  r t y re sen t ing  A wfde range of 
a c t i v i t i e s .  A t  l e a s t  tw of these w i l l  be mounted askew t o  permit t e s t i n g  wich the robot 
at tacned both t o  the  p a l l e t ,  or t he  W. These pane l s  con be t a i l o red  t o  . hos t  any t a s k  
t he  manipulator would w required t o  perform. 
port ions of a c t u a l  f l i  h t  hardware, ensuring a r e a l f s t i c  po r t r aya l  of a know s e r v i c i n g  
t. .: including obstacfes  to  be encountered a d  avoided. 
T h f r  s i te  w u l d  permi t  the sfmulation of 
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A aearby equipment rack  dl1 contain a11 elements o f  the des i red  assembly tasks .  b v j n g  
both within its teach enwlope ,  the manipulator can use t h i s  rack o f  components i n  
conjunct too w i t h  t he  t a s k  p a n e h .  increasing the oumber and c o r p l e x i t y  of  tasks that can be 
performod f r u a  a fixed location. The d i f f e r e n t  tasks are s y s t a a t i c a 1 1 y  assessed f o r  
complexity before t h e  demonstration by an index based on l o t i o n  p r h i t i v e s  131. 
4. ServicinB 
f a i l u r e  of a fiwe on 
the Solar U u h m  Mission rendered the hardware use less  u n t i l  th u n i t  w a s  serviced. Sore 
key serv ic ing  scenarios include module changeout (mating and d t u t i n g  comectors, fastener  
removal, precision alignment); inspect ion,  checkout, and ca l ibra t ion ;  manually deploying an 
appendage: and cable take-up and untangling. 
Moduid ciaageout is characteristic of  any servicing mission. 
has 12 prk-.,. 
fuse  plugs 13. Vhcn repkicing a n  ORU, i n i t i a l  s teps  include the  d e u t i n g  of  several 
electrical connectors [ s igna l  and pover). 
had/vrist ~ovements .  The ORU can  be removed once t h e  fas teners  are loosened. The 
subsequent reversal o f  t h i s  scenar io  replaces  the module. Caution must k t aken  in 
p r e c i s e l y  al igning the module during replacement. 
on the p a l l e t  system. 
would open t h e  door and remove the ORU, then rea t tach  the module t o  t h e  equipment rack f o r  
st rage. Conversely, the same ORU vi11 be returned t o  the t a s k  panel.  The experiment would 
be repeated with t h e  robot f ixed to  i ts  base and att8ched t o  t h e  RMS. 
I n  t h i s  event ,  a jackscrew must be turned f o r  manual deployment. 
is a simulated boon t h e  robot must deploy by dr iv ing  t h e  actuat ion mechanism. 
tangled l i n e  can cause many complications. In  t h i s  instance,  t h e  t e t h e r  lust be handled 
meticulously so as not  t o  Garsen the  s i t u a t i o n .  In ruch a case, t h e  manipulator must 
demonstrate a high degree of  dexter i ty .  A tangled t e t h e r  can be put  i n  one of t h e  s l id ing  
drawers of the  t a s k  panel. The robot must untangle the l i n e ,  w i n d  it up, and r e t u r n  it t o  
the draver.  
Servicing is a primary i s s u e  for any telerobotic system 141. 
"he Hubble Space Telescope 
o r b i t a l  re laceable u n i t s  (ORUS), such as b a t t e r i e s ,  e l e c t r o n i c  boxes, and 
This requires  a d e l i c a t e  and dexterous series of 
The module changeout can be demonstrated 
The robot  Behind the door on t h e  task  panel would be a generic  ORU. 
Another se rv ic ing  t a s k  involves the deployment of antenna b o o m s  v i t h  f a i l e d  actuators.  
Affixed t o  the task  panel  
In many situation:, p a r t s  and tools may be te thered on a l i n e  t h a t  must be reeled in. A 
The last serv ic ing  scenar io  is refuel ing.  The cr i t ical  s tep  i n  r e f u e l i r q  is mating t h e  
male f l u i d  connector t o  i ts  female counterpar t ,  necess i ta t ing  handling a cumbersome hose. 
For t h i s  demonstration, t h e  female connector would be in the task  panel.  The male connector 
in reeled out  of t h e  equipment rack and mated t o  t h e  t a s k  panel. 
5 .  Assembly Tasks 
include those necessary For Space S ta t ion  deployment and hssembly o f  fu ture  o rb i t a l  
platforms. 
e a s i l y  fa t igue  a Space S t a t i o n  EVA crev member. Primary among these i s  assembly of  the 
t r u s s  s t r u c t u r e  forming the keel of  the Space Stat ion.  
proposed by Lockheed Corporation would be c a r r i e d  on the  equipment rack  and 
assembled/disassembled by the  manipulator [61. Figure 4 i l l u s t r a t e s  t h i s  t r u s s  construct ion 
mechanism and h o w  t h e  tvo bas ic  elements are assembled. Dual-coordinated arm motions a re  
required as the  mechanism is designed t o  be operated with the gloved hands of a n  astronaut 
using no tooLs. This t a sk  would be conducted w i t h  the  robot secured t o  the p a l l e t ,  negating 
the requirement for an a d d i t i o n a l  s t a b i l i z t n g  am. 
Candidate assembly t a s k s  to  be performed by the s h u t t l e  bay telerobotic demonstrator 
Teleoperated robots  could execute boring and r e p e t i t i v e  assemblies t h a t  would 
Elements of  one design candidate 
SLEEVE 
I 
s a u i  
Figure Ir. Truss cons t ruc t ion  mechanism 
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This e x p e r b e n t  could also be repeated 4 t h  the robot suspended from t h e  IUlS as a mans 
In t h i s  p o r i t i o n ,  one arm c o u l d  of assessing the ef fec t iveness  of a singlc-arm s t a b i l i z e r .  
act a. the stabilizer, vhile the other performs the assembly of a truss element t o  a node 
r i g i d l y  attached t o  the equipment rack. 
i n s t a l l a t i o n  and connection o f  u t i l i t y  t r a y s ,  a d  i n s t a l l a t i o n  o f  payload support  equipment. 
Addit ional ly ,  several configuration. of the s u a  t ask  could be tested to determine t h e  
optimum design f o r  a te leoperated environment. 
6.  Key Technological hpe r imen t s  
these, the dynamic. o f  a s t a b i l i z e r ,  v i l f*be  demonstrated by the assembly scenario on truss 
cons t ruc t ion  a l ready  mentioned. 
By doing these real tasks .  the te leopera tor  v i l l  h v e  the opportuni ty  to  evaluate stereo 
viewing versus severa l  mono vievs.  A. previously mentioned, the robot has a stereo v i s i o n  
"head" and supplemental mono cameras mounted on each arm. 
each  of these is c r i t i c a l  to  ease task  execution. Equally important is l i g h t i n g .  Both wide 
and spot  berms w i l l  be evaluated. 
very important, and t h i s  experiment v i l l  sure ly  point them out .  
The robot w i l l  negot ia te  the standard complement of s v i t c h e s ,  knobs, and doors on t h e  
t a s k  panel. 
including t h e  peg-in-the-hole e x p e r b e n t  with t h e  peg te thered.  
o f  a generic t a s k  panel. V: w i l l  a l s o  be a b l e  t o  inves t iga te  t a s k  sequencing as w e l l  as accomplishing a " t i m e  study. 
Each task  Ls repeated with t h e  robot both securely mounted t o  t h e  p a l l e t  as vel1 as being 
held by t h e  RNS. 
Additional assembly t a s k s  include cons t ruc t ion  and i n s t a l l a t i o n  o f  r a d i a t o r  panels, 
S u p l e  components from various t a s k s  would be included in the equ ipmnt  rack. 
I n  addi t ion  t o  assembly and s e r v i c i n  there vi11 be several key i s s u e s  studied. One o f  
Optimizing t h e  f i e l d  of view for 
Understanding the l i m i t a t i o n s  of t h e  v i s i o n  system is 
A l s o  represented on the panel is a se1ect:on of  f a s t e n e r s  and connectors, 
Figure 5 shows an example 
These tasks  w i l l  test the manipulators '  d e x t e r i t y  in space. 
Figure 5.  Example of a t a s k  panel 
A aajor t o p i c  is t h e  i s s u e  of  modularity. Length is a major cons idera t ion  i n  
manipulator design. I f  t h e  a n  vas anthro omorphic, it would be approximately four f e e t  
long, i n  c o n t r a s t  t o  the s h u t t l e  X. v h i c t  is f j f t y  f e e t  long. 
i t  can be proven that no s i n g l e  manipulator can Go every task.  The ansver  co les  from t h e  
appl ica t ion .  The length of the a r m  is d i c t a t e d  by i t s  loca t ion  v l t h  respec t  t o  che t a s k  
locat ion.  For example, i f  the s e r v i c e r  is at tached t o  a docking p o r t  t e n  f e e t  from t h e  
t a s k ,  then the arm should be a t  least t e n  f e e t  long t o  be a b l e  t o  reach i t .  
The l o g i c a l  so lu t ion  is t o  have more than one s i r c  am. What we a r e  proposing is a 
"family" of manipulator components, that vhen assenb.. 1, vo91ld lend i t s e l f  t o  a v a r i e t y  of 
j o b s  [Figure 6). 
Vfth t h i s  la rge  d i s p a r i t y ,  
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F b u r e  6. Family of d r i v e s  and a m  segments 
d i f f e r e n t  arm8 (Figure 7) to  s a t i s f y  an assortment of missions. r e 8 u l t  is some 
s t anda rd iza t ion  of the manipulator with no major standardi ta tLon o f  the tasks  t o  be 
performed. 
emerging technologlee. 
By assembling these "families" of components, it is f e a s i b l e  t o  cons t ruc t  several 
Aa a consequence, the manipulators could be e a s i l y  upgraded t o  incorporate  new 
7-DOF.8-hLalgkm 
M Y 
Figure 7.  Several d i f f e r e n t  manipulators 
This concept is f l e x i b l e ,  a compromise between d i s t r i b u t e d  and t o t a l l y  in t eg ra t ed  
ac tua t ion ;  a hybrid w e  would l i ke  t o  c a l l  "reconfigurable" (Figure 8 ) .  0 Manipulator 
/ :Option \ 
e HjgM- mT&gacrdl  &&bk 
Distributed andMaintainaMc 
Figure 8 .  Hybrid manipulator op t ion  
One example would be t o  use a P r o t o f l i g h t  Manipulator A m  (PRIA) a t  Harshall Space F l igh t  
Center w i t h  .selected upgrades. The e x i s t i n g  arm, from the e l b o w  back t o  the ahouldcr,  has 
d i s t r i b u t e d  ac tua to r s .  
fo ream/vr i r t / end  e f f e c t o r .  With the a c t u a t o r s  b u i l t  i n t o  tha forearm, the wrist could be 
compact and dynamics improved. Figure 9 is an i l l u s t r a t i o a  of tvo p o s r i b h  configurat ions.  
The concept optimizes the manipulator by using both integrated-and d i s t r i b u t e d  modules. 
The lover  am would be an i n t e g r a t e d  d u 1 e  coas f s t ing  o f  th 
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Figure 9. TVO t y p i c a l  arm configurat ions 
The success of the reconfigurable  arm is dependent on a n  i n t e l l i g e n t  c o n t r o l l e r ,  and a 
mechanical a t tachnent  scheme t h a t  is e a s i l y  connected o r  disconnected. The c o n t r o l l e r  ; lust  
be a b l e  t o  handle any arm configurat ion;  from long t o  short and from simple t o  mul t i j o ln t ed ,  
and adapt t o  changing i n e r t i a s ,  f r i c t i o n s ,  and o t h e r  d r i v e  parameters. 
The i n i t i a l  demonstration w i l l  include 
reconfiguring a &-foot ana (tvo 2-foot segments) i n t o  an &foo t  ana ( t w o  &-foot  segments). 
The a b i l i t y  of the adapt ive con t ro l  system t o  compensace f o r  t h i s  increase i n  l eng th  w i l l  be 
t e s t e d  on t he  t a sk  panel. The attachment scheme should be l i g h t  but  r i g id .  
s ca l ed  f o r  the d i f f e r e n t  s i z e  i n t e r f a c e s .  Next l e v e l s  of component s i z e s  are compatible 
(Figure 10). 
Our concept w i l l  include one reconfigurable  arm. 
It vi11 be 
Figure 10. Compatibil i ty of adjoining l eve l  component sires 
The modular theme also a f f e c t s  t h e  end e f f e c t o r  i s sue .  The majori ty  of se rv ic ing  and 
assembly t a sks  r equ i r e  the  use of some too l  in conjunction v i t h  t h e  human hand. The h a d  is 
t he  most f l e x i b l e  r i p p e r  or t o o l  e x i s t i n g .  The same i s  t r u e  f o r  t h e  robo t i c  hand. A t  
t i m e s ,  t h e  hand v i f l  perform a s  a tool; f o r  example, unscrewing a loose b o l t  without a 
wrench. Hovever, It uould not be e f f i c i e n t  f o r  our  roboc t o  have a t o o l  holding another 
t o o l .  Figure 11, from the  TUS study,  shows a mechanism that i n t e r f a c e s  t o  a v a r i e t y  of 
t o o l s  such a s  a g r ippe r  o r  a r a t c h e t .  This mechanism has pover and s i g n a l  channels.  There 
would be a locking i n t e r f a c e  t o  the  d i f f e r e n t  tools much like a bayonet mount. v i t h  a 
b u i l t - i n  pover takeoff.  This pover takeoff is  a s i n g l e  d r i v e  that ac tua te s  any t o o l  t h a t  is 
compatible v i t h  i t s  incerface.  As a reswlt, the weight f o r  a motor i n  each tool is 
el iminated.  
Arm - Interface 
Intertaw 
Figure 11. Pover takeoff  mechanism 
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Presented is a w d u l a r  approach t o  the u t i l i z a t i o n  of a v a r i e t y  of tools. The nuwrovr  
tools w i l l  vary fror a p a r a l l e l  g r ippe r  t o  a camera as shorn i n  Pi 
screvdriver, could. 
. "his Q e x i b i l i t y  




12. D i f f e ren t  tool modules 
A t  t h i s  time, i t  is  not conceivable that an a r t i c u l a t e d  hand can be packaged i n  t'ne same! 
manner as the  previously mentioned too l s .  Far t h i s  s h u t t l e  bay demonstration, there vi11 be 
two 1over.at-m assemblies. One assembly c o n s i s t s  of  the lover  arm, compact mist, and a 
dexterous hand. The o t h e r  assembly is  i d e n t i c a l  v i t h  the exception of  the dextrous hand and 
the a d d i t i o n  of a power takeoff  mechanism. Both lower arm assemblies v i l l  be mounted on the  
equipment rack. The va r ious  t o o l s  t o  be exchanged w i l l  be at tached to  a holder  on t h e  same 
equipment rack. 
7. Conclusion 
r e a l i z a t i o n  of a mature se rv i c ing  robot.  There a r e  too many unknowns a s soc ia t ed  v i t h .  
assembly and servicing t a s k s ,  and a s  many as p o s s i b l e  must be resolved t o  success fu l ly  
t r a n s i t i o n  from a manual environment t o  t e l eope ra t ion  and automation. 
Experiments, such as t h e  s h u t t l e  bay t e l e r o b o t i c s  demonstrator, are necessary f o r  t he  
This  experiment w i l l  provide an i d e a l  environment vhere several  key i s s u e s  can be 
Advanced con t ro l  schemes designed t o  enhance t e l e r o b o t i c  operation. 
c o n t r o l  modes can improve manipulator d e x t e r i t y ,  and a b i l i t y  t o  adapt automatical ly  tJ 
changing t a sk  environments. 
time-delay problems a s soc ia t ed  v i t h  i n - o r b i t  a c t i v i t i e s  control led from ground 
s t a t i o n s .  Simulated random time delays vould permit t h i s  evaluat ion and comparison t o  
more conventional schemes such as b i l a t e r a l  f o r c e  r e f l ec t ion .  
- Vision and l i g h t i n g  systems, and how they affect the operators  petformaace. How the  
mono camera information can be presented and used i n  conjunction v i t h  t h e  stereo systea 
t o  a i d  the operator  while  vorking i n  a c l u t t e r e d  o r  cramped environment. Visual acuity 
is extremely important vhen faced v i t h  complicated t a sks  and r e l a t i v e l y  l i t t l e  or no 
experience.  
Even with an adequate v i s i o n  system, the a b i l i t y  t o  maneuver the manipulator arms around 
o b s t a c l e s  acd perform dextrous t a sks  i n  cramped qua r t e r s  must s t i l l  be proven. 
p a l l e t  demonstrator does not have t o  r e l y  on t h e  RMS t o  provide t h i s  type of challenge, 
as i t  is  capable of performing many complex t a s k s  v i t h  tk manipulator fixed i n  its bare. 
IndLvLdually, many of t hese  i s sues  have been demonstrated o r  a r e  being developed in  a 
explored, including the following: 
- The i r  higher  level 




the p l a c e  t h a t  countr: space. 
v i l l  be gained where most needed. 
growth and t o  ensure a system v i t h  a long, u se fu l  l i f e .  
The s h u t t l e  bay experiment is not s i s s i o n  cr i t ical .  It is vel1 constrained on the  
p a l l e t  and presents  minfrua r i s k  t o  o t h e r  s h u t t l e  payloads and crev m e m b e r s .  I ts most 
s i g n i f i c a n t  impact vi11 be on the  knovledge and experience gained, by indus t ry ,  i n  a l l  
d i s c i p l i n e s  of robot ics .  
It nov must be shovn that they a l l  can play toge the r  and perform in 
The d i f f e r e n t  elements of  t he  experiment must be  ca re fu l ly  chosen so adequate experience 
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